Scheme 1
The Lewis base-catalyzed ring opening of epoxides with TMSCl (or SiCl4) has been of intense research interest. [1] [2] [3] A wide variety of chiral Lewis bases such as N-oxides and phosphine oxides are proven to be highly efficient in catalyzing the formation of chlorohydrins mediated by SiCl 4 . In particular, Fu has recently established that a phosphaferrocene catalyzes the ring opening of epoxides with TMSCl, and more recently the same author reported very high yield for the enantioselective ring opening of meso-epoxides catalyzed by a series of ferrocene-fused planar-chiral N-oxides. 4 , 5 Denmark had earlier accomplished a regioisomeric ratio up to 1:18 for the same reaction by employing a HMPA as a nucleophilic catalyst. 6 We have recently reported the serendipitous formation of 1,2-ferrocenediylazaphosphinines (1a) and 1'-diphenylphosphino-1,2-ferrocenediylazaphosphinines (1b) (Chart 1), via an unusual cyclization, from the reaction of glyoxal with 1-(α-aminoethyl)-2-diphenylphosphinoferrocene (PPFA-NH 2 ) and [1-(α-aminoethyl)-1',2-bis(diphenylphosphino)]ferrocene (BPPFA-NH2), respectively. 7, 8 These compounds constitute a new class of planar chiral ferrocenes that are of intense current research interest in the field of asymmetric catalysis. 9 We have further demonstrated that they are not only versatile ligands in a Cu-catalyzed cyclopropanation of styrene and Pd-/Mocatalyzed allylic alkylation of allyl acetates to achieve a complete diastereoselectivity but also nucleophilic catalysts for highly regioselective ring-opening of epoxides. 10, 11 Intrigued by these observations, we have further investigated the preparation of ferrocene-based iminophosphoranes such as 2 (Chart 1) and demonstrated that they can serve as a new class of practical ligands for Pd-catalyzed allylic alkylation of allyl acetates 12 and Rh-/Ir-catalyzed asymmetric hydrogenation of various olefins. 13, 14 More recently, Ru-catalyzed asymmetric cyclopropanation of various olefins has also been carried out successfully to achieve high diastereoselectivity (up to 95/5 dr in favor of the cis-isomer). 15 One may anticipate that 2 should act as tightly binding chelates and thus would be capable of stabilizing metal centers involved in catalytic cycles, even in rather low oxidation states. 16, 17 Furthermore, very high stereoselectivity observed with 2 in the reactions cited above may be somehow related with the presence of the sterically demanding iminophosphoranes.
It is thus strongly recommended to design and synthesize 1,2-ferrocenediylazaphosphinines substituted by iminophosphoranes such as 3 for use as a ligand or a nucleophilic catalyst in various organic transformations. As the first step to benchmark the potentiality of 3, we wish to report their synthesis and application as nucleophilic catalysts to the ring-opening of a series of epoxides with TMSCl. We have reasoned that our compounds 2 and 3, carrying in principle donor sites of sp 2 -nitrogen and one carbonyl oxygen (3), would put an entry into a new family of nucleophilic catalysts.
Results and Discussion
Synthesis and characterization. Scheme 1 shows the preparative method leading to the formation of a series of 1'-iminophosphoranyl-1,2-ferrocenediylazaphosphinines (3a-c). The method requires initially the reaction of [1-(α-aminoethyl)-2-(diphenylphosphino)]ferrocene (PPFA-NH2) with glyoxal to form via heterocyclization 1,2-ferrocenediylazaphosphinine (1a). 7 Simple extension of the same method by replacing PPFA-NH2 with [1-(α-aminoethyl)-1',2-bis(diphenylphosphino)]ferrocene (BPPFA-NH 2 ) led to the formation of a phosphine analogue, 1'-diphenylphosphino-1,2-ferrocenediylazaphosphinine (1b). 8 Subsequent employment of the conventional Staudinger reaction that involves the reaction of 1b with arylazides led eventually to the formation of their iminophosphorane analogues of 1,2-ferrocenediylazaphosphinines (3a-c).
Catalysis. In an effort to benchmark the potential of our compounds 2a-c and 3a-c as Lewis base catalysts, we also per- formed the catalytic ring opening of some epoxides with TMSCl. Typical experimental procedure involves treatment of an epoxide with 1.2 equiv of TMSCl and 5 mol% of 2 or 3 in CH2 Cl2 at room temperature, followed by deprotection of the resulting TMS ether with acid to afford cleanly a chlorohydrin as a product. The results are illustrated in Table 1 .
Notes
The table shows that regardless of the types of catalysts, all reactions, except cyclohexene oxide, go to completion within 2 h with inversion of configuration at the carbon undergoing substitution as verified by comparison with the known chlorohydrins. The reactivity of 3 both in terms of reaction time and the chemical yield compares well with that of 1a or 1b in spite of the presence of sterically demanding iminophosphoranes. Yet, no ring opening is observed in the absence of the catalysts under otherwise identical conditions.
Cis-cyclohexene oxide reacts at the highest rate than any of the substrates employed (runs 1-6). Slower reaction rates with other unsymmetrical epoxides carrying bulkier functional groups may be explained in terms of hindered approach to the TMSnucleophile intermediate. The regioselectivity in the reaction of these unsymmetrical epoxides is governed by both steric and electronic effects. This is illustrated in the high level but opposite sense of regioselectivity in the opening of styrene oxide (runs 7-12) and other terminal epoxides (runs 13-36). For example, in the case of alkene oxides (R 1 = CH2Cl, Bu, CH2OPh) and 2-methyl styrene oxide (R 1 = Ph; R 2 = Me), displacement occurs preferentially at the less hindered carbon (runs 13-36), barring an overriding electronic effect observed with styrene oxide (runs 7-12). It is worth noting that parallel observations have already been made by us and others. However, little effect on the regioselectivity is observed by a structural change in the catalyst. In fact, in some cases, introduction of the sterically demanding iminophosporane as in 2 or 3 even enhances not only catalytic performance but also regioselectivity when compared with 1a or 1b.
Although detailed mechanistic studies have yet to be carried out, our working hypothesis for the catalytic cycle may be the same as that proposed by others. 6 As such, the first step in the catalytic cycle is expected to be the formation of a cationic complex I or II and III or IV between TMSCl and 2 or 3 (Chart 2). Donor-stabilized silyl cations are ubiquitous, and the structure and reactivity of resulting pentacoordinate silicon compounds are now well documented. 18 The presence of the neighboring phosphoranylimine may provide a better platform for the stabilization of the silyl complex, leading to higher efficiency. Subsequent complexation of the epoxide to the silicon cation followed by nucleophilic attack with the chloride ion in an SN2 fashion will eventually lead to ring-opening.
Experimental Section
Materials and methods. All manipulations were carried out under an atmosphere of nitrogen using Schlenk techniques. Solvents were purified by standard methods and were freshly distilled prior to use. All commercial reagents were used as received unless otherwise stated. Synthesis of 3b. The title compound was prepared in the same manner as described above for 3a by simply replacing azidobenzene with azido-2,6-dimethylbenzene. The product was obtained as a brown solid. Yield: 25%. Synthesis of 3c. The title compound was prepared in the same manner as described above for 3a by simply replacing azidobenzene with azido-2,6-diisopropylbenzene. The product was obtained as a brown solid. Yield: 21%. General procedure for the ring-opening reaction. Representative procedure for Table 1 , including monitoring the background reaction: a solution was prepared of hex-1-ene oxide (0.148 g, 1.48 mmol) and TMSCl (0.230 mL, 1.81 mmol) in CH 2 Cl 2 (4.52 mL) in a Schlenk tube. After degassing the solution by the freeze-and-thaw method three times, a portion of this stock solution was transferred to a 5 mL screw-capped vial (background reaction), and 1.69 mL of the stock solution (0.49 mmol of epoxide, 0.60 mmol of TMSCl) was transferred to a Schlenk tube containing catalyst 3 (0.025 mmol). The two reactions were allowed to proceed at room temperature and monitored by GC equipped with CBP-20 on a Shimadzu GC-17A. After 15 min, the catalyzed reaction was complete and the background reaction had not proceeded (< 5% conversion). For the catalyzed reaction, the solvent was removed in vacuo, and the TMS ether was treated with HCl (1 M in Et2O) for 1 h at room temperature. The resulting chlorohydrins were purified by flash chromatography on silica gel (hexane:ethylacetate 8:2), and their NMR identifications were made by comparison with literature data.
Conclusion
In summary, we put into entry iminophoranyl-1,1'-bis(diphenylphosphino)-2-[(dimethylamino)ethyl]ferrocene (2a-c) and 1'-iminophosphoranyl-1,2-ferrocenediylazaphosphinines (3a-c) as a new class of Lewis base catalysts for ring-opening of some epoxides. Their catalytic performances in terms of both reactivity and regioselectivity compares well with not only their parent 1,2-ferrocenediylazaphosphinines (1a & 1b) but also welldocumented catalysts such as phosphaferrocene and HMPA, although asymmetric version of this reaction has yet to be carried out.
